ABSTRACT Oviposition behavior is an important mechanism for establishing spatial distribution and mitigating potential interactions among community members. We studied the oviposition behavior of the European corn borer, Ostrinia nubilalis Hü bner, in the presence of conspeciÞc larvae, the aphid Rhopalosiphum maidis (Fitch), and corn pollen to determine whether these potential interacting factors affect the distribution of European corn borer egg masses laid on sweet corn in Þeld cages. We found that ovipositing females in the Þeld differentiate between adjacent corn plants in response to conspeciÞc larvae. We also found that European corn borers laid signiÞcantly fewer egg masses on plants with large aphid colonies compared with adjacent plants with few aphids. Furthermore, fewer egg masses were laid on the top one third of the plant where the aphid colonies were located. We also tested for a Þtness advantage of European corn borerÕs oviposition behavior in response to aphids and found that neonate larvae inoculated on plants with small aphid colonies had higher establishment (survivorship ϩ retention) than larvae on plants with large aphid colonies. Pollen, disentangled from any effects of differential plant stage, did not seem to affect oviposition behavior. These results may have important implications for understanding the spatial distribution and interaction of European corn borer, its natural enemies, and potential management strategies.
PREFERENCE FOR OVIPOSITION SITES can increase reproductive success by shaping the progenyÕs future interactions. Oviposition behavior can be inßuenced by numerous ecological factors (Thompson and Pellmyr 1991 , Bernays and Chapman 1994 , Awmack and Leather 2002 , and a great deal of work has explored the connection between oviposition preference and the ultimate performance of offspring (Thompson 1988 , Leyva et al. 2000 and references therein). The sensory cues that inßuence oviposition behavior have been identiÞed in many Lepidoptera (Renwick and Chew 1994 and references therein), including the European corn borer, Ostrinia nubilalis Hü bner, one of the most widespread and economically important pest species of corn in North America (Mason et al. 1996) . Much is already known about the oviposition behavior of the European corn borer in relation to host characteristics such as plant species (Anderson et al. 1984 , Legg et al. 1986 , Savinelli et al. 1988 , variety (Derridj et al. 1988, Orr and Landis 1997) , physical attributes (Hervey and Hartzell 1931 , Ficht 1932 , Beard 1943 , Turner and Beard 1950 , Everett et al. 1959 , Everly 1959 , Derridj et al. 1989 , Spangler and Calvin 2000 , and chemical content (Derridj et al. 1986 , Udayagiri and Mason 1995 , Binder and Robbins 1997 .
European corn borer oviposition behavior is also inßuenced by potential intraspeciÞc interactions. Chiang et al. (1960) suggested that second-generation European corn borers avoided oviposition on corn plants that had been heavily infested by Þrst-generation larvae. Laboratory evidence has corroborated this Þnding by demonstrating that females are repelled from volatiles of injured corn plants (Schurr and Holdaway 1970) and oviposition is deterred by a methanolsoluble chemical extracted from European corn borer larval frass (Dittrick et al. 1983) . Although these studies have shown European corn borer may choose between sites in the laboratory, there has been little work on intraspeciÞc effects on European corn borer oviposition behavior in the Þeld.
In addition, there has been no work investigating how potential interspeciÞc interactions may inßuence its oviposition behavior, despite the diverse community of insects in corn that may affect European corn borer oviposition. Competitors, predators, parasitoids, and pathogens can all have a signiÞcant impact on the mortality of European corn borer larvae (Steffey et al. 1999) . Avoiding potentially harmful interactions with natural enemies has obvious Þtness advantages (Lima and Dill 1990, Dicke and Grostal 2001) , however the consequences of direct and indirect community in-teractions are often less straightforward (Holt and Lawton 1994, Wootton 1994) . Placing progeny in close proximity to intraguild members can ultimately increase or decrease Þtness depending on the members of the surrounding community. These interactions make it difÞcult to generate accurate a priori predictions about how potential interactions will inßuence oviposition behavior. Studying oviposition behavior can provide a clear understanding of the proximate mechanism for how various ecological factors affect a speciesÕ spatial distribution and consequently the potential interactions it will have throughout the community.
Our goal was to investigate the response of European corn borer oviposition behavior in the Þeld to three of its most common interactions in Minnesota sweet corn: intraspeciÞc larvae, the corn leaf aphid, Rhopalosiphum maidis (Fitch), and corn pollen. By allowing European corn borer to choose oviposition sites in Þeld cages with treated and untreated plants we show the Þrst evidence that European corn borer oviposition behavior is inßuenced by the presence of another herbivorous insect.
Materials and Methods
Intraspecific Interaction. To determine whether damage and frass from European corn borer larvae inßuence oviposition between corn plants in the Þeld, we set up pairs of caged corn plants, one previously damaged and the other undamaged. The damaged plant was created using two different methods. In the Þrst year, two medium sized blackheaded European corn borer egg masses (20 Ð30 eggs) were placed into the whorl of approximately V10 corn. Larvae grew, developed, and ate for 12Ð14 d before the experiment was conducted. In the second year, four third-instar larvae were placed into the leaf axils of V12 corn and allowed to eat for 5 d.
The presence of frass has already been established as an oviposition deterrent in the laboratory over a small scale (within 30 ϫ 30 ϫ 61-cm cages) (Schurr and Holdaway 1970) . Therefore, differences in egg distribution from this experiment would indicate that European corn borer females make at least some decisions about oviposition between plants in the Þeld. Sweet corn (an aphid-susceptible Green Giant variety "Code 40") was planted by hand with a spacing of 0.25 m between plants and 0.76 m between rows. Two adjacent plants (0.25 m apart) were chosen in the same row that were approximately equal in height, developmental stage, and surface area. Tillers were removed from both plants to minimize contact between plants. Cages (0.66 ϫ 0.66 ϫ 1.87 m) were constructed from mesh covering and a pvc frame. Plants and cages were thoroughly searched three times and any egg masses, natural enemies, or other moths were removed from the plants before corn borer inoculations. Soil was piled along the outside of the bottom edge of the cage to minimize corn borer escape.
In both years, European corn borer females were obtained from a laboratory colony maintained as in Andow and Stodola (2001) . We chose females at least 1 d old, but probably older. Mostly older and gravid females were taken to increase the chance that a female would lay eggs that night. In 2000 Þve females and in 2001 ten females were released into the middle of each cage between 1500 and 1800 hours to give the moths a chance to equilibrate to their surroundings before dusk and the subsequent oviposition period. Groups of females were used to average over individual variability in nightly oviposition because not all mature and mated females will lay eggs on a given night (D. A. Andow, unpublished data). The number of females in a cage was chosen to ensure minimal adult-adult contact and competition while still getting enough eggs to minimize the effects of stochastic events and maximize the possibility of seeing experimental differences. The next morning females were removed from the cages and all plants were searched for egg masses. Egg masses and their locations were recorded and then carefully removed. The next evening, a different group of moths was placed into the cage and the process repeated. In 2000 the experiment was repeated in six cages over three nights (n ϭ 18) and in 2001, it was repeated in six cages for four nights (n ϭ 24). Because the experiment was meant to test the aggregate response of a group of European corn borer females, the total number of egg masses oviposited by the females per cage per night was the unit of replication. Analysis of variance (ANOVA) (SAS Institute 1989) was performed separately on the 2000 and 2001 experiments because of the difference in methodology. Log ϩ 1 transformation was performed to meet the assumptions of ANOVA. Plant treatment, night, and cage were tested as independent variables.
Interspecific Interaction-Aphids. To determine whether large colonies of aphids inßuenced small scale European corn borer oviposition behavior in the Þeld, adjacent pairs of plants were offered to ovipositing females. Within each pair, one plant had a very large naturally occurring colony of corn leaf aphids (Ͼ500 aphids), and one had few aphids (Ͻ30). Plants were approximately V9. Pairs of plants were chosen and cages set up as in the intraspeciÞc competition experiment. Ten females from a laboratory colony were released into the middle of each cage before dusk. Six cages were used over Þve nights (n ϭ 30). Data were collected in the same manner as in the previous experiment and analyzed using ANOVA with log ϩ 1 transformed data to meet the necessary assumptions. Egg mass distribution within plants was analyzed by hand with a G-test of independence using WilliamÕs correction (Sokal and Rohlf 1995) .
To determine whether large aphid colonies affect the establishment of European corn borer larvae on sweet corn plants, 30 plants with large, naturally occurring corn leaf aphid colonies (Ͼ500) and 30 plants with small colonies (Ͻ30) were chosen. All plants were located within a 40-m ϫ 15-m section of a sweet corn Þeld planted as above, and no two experimental plants were adjacent to each other. Experimental plants were at least 2 m from the edge of the plot and all tillers and adjacent plants were removed by hand. Fine hair paintbrushes were used to inoculate 30 neonate European corn borer larvae in the whorl of each plant. Inoculation was initiated when the surrounding adult European corn borer population was low so interference with natural European corn borers was minimized. Plants were in approximately V8 when larvae were introduced. After 13 d, all plants from both treatments were carefully dissected and the number of larvae and their location recorded. By comparing larval density at the start and end of the experiment, we estimated larval establishment, a function of mortality, and net movement. Data were square root transformed and analyzed using ANOVA.
Interspecific Interaction-Pollen. The effect of pollen on small-scale oviposition behavior was tested using pairs of sweet corn plants in cages. The tassels were removed from both plants just as the tassel emerged, and, for one of the two plants, pollen from nearby plants was collected and carefully sprinkled on all surfaces exposed to naturally falling pollen. Pollen was successfully excluded from plants in the no pollen treatment by removing tassels and caging both plants before anthesis. Ten females were used in each of six cages for six consecutive nights (n ϭ 36), and the collection of egg mass data were performed as in the intraspeciÞc experiment with log ϩ 1 transformed data analyzed by ANOVA.
Results
Intraspecific Interaction. In both years of the experiment, European corn borer females laid signiÞ-cantly fewer egg masses on plants damaged by European corn borer larvae than on plants with no corn borer damage ( Fig. 1; 2000 : F ϭ 7.231; df ϭ 1, 27; P ϭ 0.012; 2001: F ϭ 6.888; df ϭ 1, 38; P ϭ 0.012). This experiment indicates that the oviposition deterrents from European corn borer larvae previously found in small-scale laboratory experiments also inßuence oviposition decisions between adjacent corn borer plants in the Þeld. In the second year there was also a signiÞcant difference in the number of egg masses laid each evening (F ϭ 12.45; df ϭ 3, 38; P Ͻ 0.001), indicating either variation in environmental conditions on a given night, or variation in the groups of individuals used in the experiment. There was no signiÞcant interaction between night and treatment; more egg masses were laid on undamaged plants regardless of how many total egg masses were laid on a given night. The within-plant distribution of egg masses did not differ between treatments.
Interspecific Interaction-Aphids. European corn borers laid fewer egg masses on plants with large aphid colonies (1.8 Ϯ 0.3) than they did on plants with small aphid colonies (3.1 Ϯ 0.4) (F ϭ 9.785; df ϭ 1, 49; P ϭ 0.003). There was a signiÞcant difference in the number of egg masses laid per night (F ϭ 9.305; df ϭ 4, 38; P Ͻ 0.001), but no interaction between night and aphid treatment. As in the intraspeciÞc interaction experiment, differences in total nightly oviposition were likely caused by differences in environmental conditions or in the females used on a given night. Egg masses on highly infested plants were found in different locations within the plant than those found on plants with few aphids ( Fig. 2 ; G-adjust 2 ϭ 6.685, P ϭ 0.035). On plants with large aphid colonies there were fewer egg masses on the top one third of the plant compared with plants with fewer aphids. Large R. maidis colonies were all located in the whorl or adjacent leaves at the top of the plant (as in Schellhorn and Andow 1999) .
In the establishment experiment, more European corn borer larvae were found on plants with small aphid colonies (8.333 Ϯ 0.620) than on those plants with large aphid colonies (6.233 Ϯ 0.529) (F ϭ 5.892; df ϭ 1, 58; P ϭ 0.018).
Interspecific Interaction-Pollen. European corn borer females did not oviposit differently on plants with and without pollen (5.222 Ϯ 0.970 versus 4.611 Ϯ 1.032; F ϭ 1.662; df ϭ 1, 60; P ϭ 0.202). There was once again a strong effect of the night of the experiment on the number of egg masses laid (F ϭ 26.07; df ϭ 5, 60; P Ͻ 0.001). There was no differences in location of egg masses on either plant. 
Discussion
Our results demonstrate that European corn borer females differentiate between adjacent corn plants in the Þeld and make oviposition choices in response to intra-and interspeciÞc cues. These Þeld results extend previous laboratory studies by showing European corn borer oviposit less on plants in the Þeld that were previously damaged by European corn borer larvae than on undamaged plants. European corn borer oviposition behavior was also affected by the presence of aphids. Moths laid fewer egg masses on plants with high densities of aphids with most of those egg masses found lower on the plant relative to plants with few aphids. European corn borer larvae were affected by aphids as well, as there was lower neonate larvae establishment on plants with large aphid colonies than on those plants with few aphids.
The oviposition patterns observed in response to intra-and interspeciÞc cues could be caused by a variety of proximate mechanisms. Ovipositing females may be repelled from herbivore induced stimuli while in ßight, eliciting their landing on an undamaged plant rather than a damaged plant (Landolt 1993 , De Moraes et al. 2001 . Herbivores can induce changes in the volatiles released by plants, and these chemicals can be used as behavioral cues by herbivores (De Moraes et al. 2001) or their natural enemies (Turlings et al. 1990) . In this study, repellent volatile compounds may have come indirectly from the plant or directly through a herbivore or its byproduct such as larval frass. If a female lands on a damaged plant, she may receive cues reducing the time spent on that plant (De Moraes et al. 2001) or oviposition (Landolt 1993) . For example, the honeydew-coated surfaces of aphidinfested plants may have been a tactile deterrent (as in Finch and Jones 1989) . Corn pollen has both odor and tactile cues, but there were no differences found in oviposition between plants with and without pollen. Previous research has demonstrated that European corn borer oviposition may be highest on corn plants near the anthesis stage (Everly 1959, Spangler and Calvin 2000) , so whatever stimuli are involved in this behavior must not be associated with pollen per se.
The distribution of European corn borer egg masses in the Þeld will likely be affected at a greater spatial scale than just the two adjacent plants tested in this study. Some olfactory stimuli may be perceived meters away from the plant itself. Moths may veer away from these repellent odor plumes to avoid damaged plants.
Other chemical compounds and tactile cues will be recognized very near or on the plant itself. These repellent stimuli likely elicit a short-range ßight of the female to a new plant. At a minimum, this movement could take the female to another part of the plant or the adjacent plant, although itÕs likely that for European corn borer these short ßights could cover scales of tens of meters. More work will need to be done to determine the spatial extent over which these behaviors are affected, which would enable predictions of the spatial scale at which intra-and interspeciÞc interactions inßuencing European corn borer might occur.
The ultimate reason for these aspects of discrimination in European corn borer oviposition behavior may be to mitigate harmful intra-or interspeciÞc interactions. These interactions may occur directly with the organism, indirectly through a shared resource, or indirectly through a shared natural enemy (Damman 1993) . Copious amounts of aphid honeydew may directly increase corn borer mortality by obstructing larval movement. Aphids may also cause indirect negative effects on European corn borers by changing cornÕs nutritional quality, or by inducing a chemical defense. Many aphids, including R. maidis, serve as aggregation sites for numerous generalist predators (e.g., Hodek and Honek 1996, Schellhorn 1998 ) that can increase mortality of European corn borer eggs and young larvae (Phoofolo et al. 2001 ). The general mechanisms through which intraspeciÞc interactions could ultimately reduce survival are the same as those for interspeciÞc competition (Matsson et al. 1989) . European corn borer larvae could compete directly through cannibalism (Breden and Chippendale 1989) , indirectly through changes in the corn plant, or indirectly through natural enemies such as specialist parasitoids (Ding et al. 1989) or entomopathogens (Phoofolo et al. 2001 and references therein) . Further experiments are needed to tease apart the strength of these various mortality effects on young European corn borer larvae and thus the relative selection pressure they may pose to shape changes in oviposition behavior.
The mechanisms through which species on the same trophic level interact are often poorly understood, but their ramiÞcations can be important for spatial patterning of community interactions. In the case of the European corn borer, a better understanding of the pestÕs spatial distribution may be critical for optimizing control strategies. One of the principal control options for European corn borer management is the use of genetically engineered corn plants that produce an insecticidal protein derived from the soil bacterium Bacillus thuringiensis (Berliner), commonly known as Bt (Gould 1998 ). Under the current management strategy for Bt corn, the landscape is composed of a mosaic of refuge and toxic plants (Andow and Hutchison 1998) . By avoiding previously damaged plants, second generation European corn borer females may choose to oviposit in nearby undamaged Bt corn, thereby helping reduce overall damage in the refuge, especially near the interface of Bt and non-Bt plants.
The distribution of corn borer may also play an important role in other control strategies such as biological control. The effectiveness of biological control agents against a target species such as the European corn borer may often depend on the availability and proximity of alternative foods. Parasitoids often use sugar sources, such as honeydew, to increase their longevity and increase their Þtness (Evans 1994) . Generalist predator populations may also use alternative foods to increase their numbers by enhancing reproductive Þtness (Hodek and Honek 1996) . Alternative foods, such as aphids, can also be critical in determining the predatorÕs aggregation and foraging behaviors and consequently the overall level of control of a target pest such as European corn borer (Harmon 2003) . Determining the spatial distribution of interacting organisms and the behaviors that create such patterns are crucial steps for understanding the likelihood and strength of potential community interactions.
